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CHAPTER I 
INTRODUCTION 
The development of the  space program opened a  vas t  
new f i e l d  of research f o r  the  s c i e n t i s t .  Of par t i cu l a r  
i n t e r e s t  t o  t he  biologist are  the  many f ac to r s  which exer t  
an  influence on l i v ing  organisms, with emphasis on those 
which have a  d i r e c t  e f f e c t  upon the  human body. One such 
f a c t o r  i s  the  e f f ec t  of centr i fugal  forces. 
With the  use of the ul tracentr ifuge,  it i s  possible 
t o  t e s t  t he  e f f e c t  of these forces on l i v ing  c e l l s .  Previous 
inves t iga t ions  i n  t h i s  f i e l d  have noted s t r a t i f i c a t i o n  of 
o rgane l les  i n  ce l l s .  L i t t l e  a t t en t ion  haa been given to  the  
recuperat ive  powers of the c e l l .  In  an attempt t o  determine 
t h i a ,  Euglena g r a c i l i a  Klebs, 1883 was placed i n  an a i r -  
dr iven centr ifuge a t  a  forue near 125,000 times grav i ty  t o  
d i s t o r t  the  posi t ion of the ce l lu l a r  components. 
It has been the purpose of t h i a  inves t iga t ion  t o  
study (1 )  the  time required fo r  r ed i s t r i bu t ion  of the  various 
organellea of Euglena g r a c i l i s  Klebs, 1883 a f t e r  centr ifuga- 
t i o n ;  and (2 )  what sequence, if any, was followed i n  the 
r e d i s t r i b u t i o n  of organelles. 
CHAPTER I1 
REV- OF LITERATURE 
The centr ifuge has been a useful  a i d  i n  t he  study of 
c e l l  oomponente, Due t o  var ia t ions  i n  spec i f ic  g rav i ty  of 
0611 organel les ,  it has been possible t o  bring about t h e i r  
s t r a t i f i c a t i o n .  T h i s  ha6 l ed  t o  the Iden t i f i ca t i on  of 
previously  unknown s t ruc tures  and increased knowledge of 
o the r s ,  
The poten t ia l  value of t h e  use of the centr i fuge was 
recognized as f a r  back as the  nineteenth century. Mottier 
repor ted  on the  u rnfea t  of Centrifugal Force Upon the  Ce l lu  
i n  1899. H e  used an ordinary milk centr ifuge driven by a 
gas motor which was aapable of producing a f o m e  from 1700 
t o  1930 times the fo rce  of gravity. Redis t r ibut ion of c e l l  
con ten ts  was noted i n  Cladopbra and various other  algae,  
I n  1909, MoClendoa studied the e f f ec t s  of t he  centr i fuge 
on protozoans.2 Yancay uaed the  S b r p l e s  Super Centrifuge, 
produalng 21,000 t o  32,000 t-es the fore0 of gravi ty ,  in 
ID, n, Nott ier ,  'Effect of CelltrFiugal Foroe Upon 
the c e l l , "  Armala - of Botanp, XI11 (September 1899) 9 325-57- 
ZJ, F, McClendon, " F F O ~ O Z O ~ ~  Studies," Journal - of 
Experimental Zoologg, VI (February 1909) * 269 
3 
1 h i s  work on Paramecium i n  1931. However, it waa not  u n t i l  
t h e  modif icat ion of the high apeed, air-driven u l t r a c e n t r i -  
fuge by J. W. Bems and associa tes  t h a t  the f u l l  p o t e n t i a l  
of cen t r i fuga t ion  was rea l ized.  Previous devices used were 
l i m i t e d  i n  speed by moving par t s  and the r e s u l t i n g  build-up 
of heat .  The u l t racen t r i fuge  developed by Beams and his 
as soc i a t ea  is  a r e l a t i v e l y  simple device consis t ing  of an 
a i r -d r iven  r o t o r  apinning on a oushlon of air.2 I n  his 
s t u d i e s  of t he  air-driven ul t racentr i fuge ,  H. W. Beama 
found t h a t  the  "temperature does not vary i n  t h e  cent r i fuge  
chamber over 2 o r  3 degrees from t h a t  of the  atmosphere; 
t h i s  i a  not  sufficient t o  be an  important f a c t o r  i n  general  
b i o l o g i c a l  worka ~3 
Due t o  the va r i a t i on  i n  the spec i f i c  g r av i ty  of 
varioua c a l l  components, u l t racan t r i fuga t ion  of c e l l s  w i l l  
r e s u l t  i n  the varioua components ca l l ea t i ng  i n  l a y e r s  from 
'patriek Ha Yancer, " g t i s c t  of Super-centrifuging on 
F i s s i o n  i n  Paramecium," Proceedings of t h e  Socie ty  for &- 
p e r i m  n t a l  B i o l o a  and Medicine, ~ ' r ~ I f 1 7 u n e  1931)37r 
2 ~ .  W. Beams, "An Apparatus f o r  Obtaining H i g h  Speeds 
of ~ o t a t i o n ,  T h  ~ s v i e w  of- Sc i en t i f i c  Instruments, -1 
(November 1 9 3 0 r 6 m  W e  Beams, A. W e  Weed, and E. G. 
Pioklea,  N T ~  Ultracentrifuge, " Scienoe, W I I I  (October 13, 
1933 1, 338-40. 
3 ~ a r o l d  W. Beams, "The Air Turbine Ultracentr ifuge,  
Together With Some Reaulta Upon mt raaen t r i fug lng  t he  Eggs 
of Fuoua aerra tue ,"  Journal of I& Marina Biolo i c a l  
he . U ~ I ~ ~ O ~ ,  =ma& 585. A a s ~ l o n  of T 
the  cen t r i fuga l  pole t o  the  cen t r ipe ta l  pole. Beams, Gatenby, 
and Muliyi l  found the Golgi apparatus i n  the upper l ayer ,  
mitochondria i n  the  lower layer ,  and c l e a r  cytoplasm i n  be- 
tween i n  t h e i r  work on the  spermatocytes of Helix aspersa. 1 
I n  a study of Fucus s e r r a tu s  eggs, Beams found the  v i s i b l e  
inc lus ions  s t r a t i f i e d  according t o  t h e i r  r e l a t i v e  spec If l c  
gravity.2 I n  t h e i r  s tudies  of the e f f e c t  of u l t racen t r i fu -  
ga t ion  on paramecia, King and Beams found, i n  order from 
c e n t r i f u g a l  t o  cen t r ipe t a l  pole: "crys ta ls ,  l ayer  of f l u id ,  
micronucleus and macronoclear chromatin, food vacuoles and :. I 
neu t r a l  r ed  inclusions, achromatic matrix of the  macro- 
nucleus, endoplasm with large  c l e a r  a lveo l i ,  and f a t .  n3 
Beams and King noted the preaence of a l aye r  they thought 
t o  be mitochondria I n  t h e i r  inves t igat ion of centr ifuged 
Ascar is  eegsm4 In  h i s  Invest igat ion of Euglena rubra Hardy, 
'H. W. Beams, J o  Broote Gatenby, and J. A .  Muliyil ,  
"Ultracentr ifuging the Spermatocytes of Helix aspersa," 
u a r t e r l g  ~ourna l -o f  i i lcroscopical Science, w ~ v m ~ e b r u 8 . r ~  
' ~ a r o l d  W e  Beams, loc . c i t e  
%. L. K i n g  and 9. W. Beam, "The W f e c t  of Ultra-  
centr i fuging on Paramecium, With Special  Zeference t o  Recovery 
and 1.lacronuclear ~eorgan iza t ion ,"  - Journal of Mor~holonv. IXI 
( June 19371, 27. 
I 
4 ~ .  W. Beams and R. L. K i n g ,  "The . . Suppression -- - .  - of 
Cleavage i n  Ascaris  Egg8 by Ultracentrifuging," -. - - -  B i o l o ~ i c a l  
Bu l l e t i n ,  WCXII (August 1937) , 101. 
5 
1911, Johnson found the  paramylum bodies a t  t he  cen t r i fuga l  
end. Lying cen t r ipe t a l  t o  these were the chloroplas ts ,  
nucleus, haematochrome, and mitochondria.' Beams a l s o  noted 
- - - - - - - - - - - - - - - - - - - 
s t r a t i f  i c a t i o n  i n  the human erythrocyte2 and i n  the  ~ l o d e a . 3  
Although various invest igators  have s tudied c e l l  
s t r u c t u r e  with the use of the ul tracentr ifuge,  few have 
s tud ied  t h e  recovery of the  c e l l  t o  any g rea t  extent .  Two 
major f a c t o r a  w i l l  cause var ia t ion  i n  the e f f e c t  of u l t r a -  
cen t r i fuga t ion  on the  c e l l  and on c e l l  recovery, These a re  
t h e  fo rce  used and the length of time exposed t o  the  force,  
Var ia t ion of one or  the other o r  both w i l l  br ing about 
d i f f e r ing  r e s u l t s ,  Also, d i f f e r en t  c e l l s  w i l l  be a f fec ted  
i n  d i f f e r e n t  ways. In  h i s  work with Fucus se r ra tus ,  Beams 
found t h a t  eggs which had been exposed t o  150,000 G f o r  one- 
half hour apparently developed normally.4 Similar  r e s u l t  a  
 eland P. Johnaon, "A Study of Euglen! rub28 Hardy 
1911, Transactions -- of the ~mer i can  Microscoaical ~ o c i e t ~ ,  
LVIII (January 19391, 43. 
L Harold W, Beama, R S t r a t i f i c a t i o n  of the  Human 
Erythrocyte by Ul t racentr i f  uging," Anatomical Record, XCVII 
(March 19471, 380. 
3 ~ a r o l d  W. Beama, "Some Effects  c 
Protoplasmic Streaming i n  Elodea, " B i o l o ~ i c a l  
( June 1949 1, 247. 
~f Centrifuging Upon 
L - Bulle t in ,  XCVI 
4Flarold W. Beams, "The A i r  Turbine Ill trace, 
T o ~ s t h e r  With Some Results Upon Ultracentr ifuging - -  - - -  - - t he  - -  Eggs 
n t r i f  uge , 
6 
were found by Beams and King i n  t h e i r  work with Ascaris  eggs. 
"Uncleaved eggs centr ifuged a t  400,000 times g rav i ty  f o r  30 
minutes a r e  not k i l l ed ,  and, i f  the  s t r a t i f i e d  mate r ia l s  a r e  
r e d i s t r i b u t e d  before cleavage takes place, they apparent ly  
develop normally ."' King and Beams made a  r a t h e r  thorough 
inves t i ga t i on  of the e f f e c t s  of u l t r acen t r i f  ugation on Para- 
mecium. They found t h a t  Paramecium caudatum frequent ly  
survived centr i fuging f o r  f i v e  minutes a t  2L,000 times 
g rav i ty ,  recovered t h e i r  normal shape, and of t e n  underwent 
f i s s i o n .  However, exposure f o r  ten  minutes o r  longer usual ly 
r e s u l t e d  i n  death of t h e  organismO2 Beams a l s o  noted re -  
covery i n  c e l l s  of ~ l o d e a . 3  
P 
I n  1936, Pat ten and Beams reported on inves t iga t ions  m c: 
< 
c a r r i e d  out  on some f ree- l iv ing f l age l l a t e s ,  with p a r t i c u l a r  
emphaaia on a  species of Euglena. The euglenae were cen t r i -  
fuged i n  an air-driven ul t racentr i fuge  a t  100,000 times 
'H. W. Beams and R. L. King, nThe Suppression of 
Cleava e  i n  Ascar is  Eggs b iJltracentrifuging,* Biological  
Bu l l e t  f n, LXXIII ( ~ u g u s t  1 q 37) ,  110. 
2 ~ .  L. K i n g  and H. W. Beams, "The Ef fec t  of U l t r a -  
a en t r i t ug ing  on Paramecium, With Special  Reference t o  Re- 
covery and !<acronuclear ~eorgan iza t ion , "  Journal  - of Eiorpholoqy, 
LXI (June 1937),  30. 
' ~ a r o l d  W. Beams, "Some Effects  of Centrifuging Upon 
Protoplasmic Streaming i n  Elodea, " B i o l o ~ i c a l  Bul le t in ,  XCVI 
(June 19491, 255. 
1 g r a v i t y  f o r  two and one-half t o  t h r e e  minutes. They observed 
v e r y  d e f i n i t e  s t ra t i f  i c a t i o n  of t h e  organe l les .  The para-  
mylum bodies  and " n e u t r a l  r e d  bodiesn were found a t  t h e  
c e n t r i f u g a l  po le ;  next  came the  c h l o r o p l a s t s  and nucleus;  
and  a t  t h e  c e n t r i p e t a l  end were t h e  cytoplasm and t i n y  
p a r t i c l e s  t h e y  considered t o  be mitochondriaO2 They r e p o r t e d  
that: 
When examined r a p i d l y  a f t e r  c e n t r i f u g i n g ,  most of t h e  
organisms have c o n t r a c t e d  i n t o  a more o r  l e s s  o v a l  shape 
and a r e  non-motile. Those t h a t  a r e  i n  t h e  f u l l y  
e longa ted  cond i t i on  throughout g e n e r a l l y  do no t  show 
s u c h  c l e a r - c u t  s t r a t i f i c a t i o n .  However, r e s t o r a t i o n  of 
m o t i l i t y  soon occurs ,  fol lowed l a t e r  by r e d i s t r i b u t i o n  
of t h e  components, so t h a t  a f t e r  a time (6  hours-- 
o v e r n i g h t )  one can  no longer  perce ive  t h a t  t h e  organisms 
have been exposed t o  t h e  c e n t r i f u g a l  force .3  
I n  h i s  study of Euglena rub ra  Hardy, 1911, Johnson 
observed  s i m i l a r  r e s u l t s  regard ing  r e l a t i v e  p o s i t i o n s  of c e l l  
components a f t e r  u l t r a c e n t r i f u g i n g  a t  150,000 t imes  g r a v i t y  
f o r  two minutea. R e d i s t r i b u t i o n  was u s u a l l y  accomplished i n  
f i f t e e n  minutea. 4 
l ~ u t h  P a t t e n  and Harold W. Beams, "Observations on 
t h e  E f f e c t  of t h e  U l t r a a e n t r i f u g e  on Some F ree - l i v ing  
F l a g e l l a t e s ,  - of P'licroscopical Science,  
WMVIII ( J u l y  
4Loland P. Johnson, 'A Study of Euglena r u b r a  Hardy 
1911, Transao t iona  of t h e  American ~ i c r o s c o p i c ~ ~ i e t ~ ,  
L V I I I  ( ~ a n u a r y  1939)743-44. 
8 
Morr i s ,  Beischer ,  and Z a r r i e l l o  used a Spinco u l t r a -  
c e n t r i f u g e  (Model E) i n  experimenting on s e v e r a l  organisms, 
i n c l u d i n g  Euglena g r a c i l l s .  About half of t h e  euglenae 
which were cen t r i fuged  a t  212,000 t imes t h e  f o r c e  of g r a v i t y  
f o r  f o u r  hours survived.  No unusual behavior  was observed 
d u r i n g  t h e  post-exposure period.  1 
It i s  ev ident  t h a t  Euglena can surv ive  exposure t o  
c e n t r i f u g a l  f o r c e .  While i n v e s t i g a t o r s  have v a r i e d  t h e  
amount of fo roe  t o  which euglenae have been exposed, few 
have r e p o r t e d  on t h e  v a r i a t i o n  i n  exposure time. 
b a v l d  P. Morria, J ,  D i e t r i c h  E. Beischer ,  and 
J e r r y  J. Z a r r i e l l o ,  "Studies on t h e  G Tolerance of I n v e r t e -  
b r a t e s  and Small  Ver t eb ra t e s  While m r s e d , "  Jou rna l  - of 
A v i a t i o n  l i sd ic lne ,  XXIX (June 1958), 438 . 
MATERIALS AND METHOD 
The organism used i n  t h i s  s tudy  was Euglena g r a c i l i s  
Klebs,  1883. A pure c u l t u r e  of t h e  organism was secured  
from t h e  Drake Un ive r s i t y  Biology Department. P e r i o d i c a l l y ,  
new c u l t u r e s  were s t a r t e d  s o  a s  t o  main ta in  a n  adequate  
s u p p l y  of o r g a n i s m  f o r  exper imental  purposes. 
The  Euglena were c u l t u r e d  i n  t e s t  t u b e s  (Kimax-- 
screw type ,  20 by 150 mm. ) i n  f i f t e e n  m i l l i l i t e r s  of Euglena 
B r o t h  s e c u r e d  from Difco Labora tor ies ,  D e t r o i t ,  Michigan. 
To ma in t a in  b a c t e r i a - f r e e  c u l t u r e s ,  t h e  media and g lassware  
used i n  c u l t u r i n g  t h e  organism were s t e r i l i z e d  i n  a p r e s s u r e  
cooker  a t  f i f t e e n  pounds pressure  f o r  f i f t e e n  minutes. 
T r a n s f e r s  from t h e  s t o c k  c u l t u r e  were c a r r i e d  o u t  i n  a 
a p e a l a l l y  cons t ruc t ed  box t o  p r o t e c t  t h e  media from a i r -  
borne contaminants.  The t r a n s f e r s  were made with a s t e r i l e  
i n o c u l a t i n g  loop. These c u l t u r e s  were grown a t  a temperature  
of twenty-.even degrees  cen t ig rade ,  which fa l l s  wi th in  t h e  
range  sugges ted  by ~ach . '  Environmental f a c t o r s  can  P e a t l y  
l ~ i c h a e l  K. Baoh, "Mass Cul ture  of Eu l e n a  g r a ~ i l i s , ~  
J o u r n a l  - of Protosoology,  V I I  (February 196*5l. 
10 
a f f e c t  growth and chlorophyll  synthesis i n  Euglena. 1 
The organellea observed i n  this study included the  
nucleus, chromatophores, paramylum bodies, mitochondria, 
and ca ro t ino id  granules of the stigma. To f a c i l i t a t e  t he  
i d e n t i f i c a t i o n  of the mitochondria i n  l i v i n g  specimens, the  
v i t a l  s t a i n ,  Janus Green B (Fisher S c i e n t i f i c  Company, 
P i t t sburg ,  Pennsylvania) was used. The Euglena were s ta ined  
with a 1:100,000 so lu t ion  f o r  a minimum of two hours. T h i s  
I 
was accomplished by adding one m i l l i l i t e r  of a 1:10,000 ao- c 
l u t i o n  of the  s t a i n  t o  nine m i l l i l i t e r s  of the cu l tu re  
medium. The i den t i f i c a t i on  of the remaining organel les  was 
s u f f i c i e n t l y  c l e a r  so no fu r the r  s t a in ing  was f e l t  necessary. 
Four m i l l i l i t e r s  of the cu l tu re  were placed i n  an 
a i r -d r iven  ul t racentr i fuge  and subjected t o  a fo rce  near 
125,000 timea gravi ty  f o r  a period of three minutes, Equa l  
amounta of the cu l tu re  were subjected t o  the same force  f o r  
periode of f i f t e e n  minutea, t h i r t y  minutes, fo r ty - f ive  min- 
u tes ,  one hour, and one and om-half hours. The euglena8 
were a l s o  centr ifuged f o r  periods of time through th r ee  and 
one-fourth houre i n  preliminary studies.  
'5. J. Wolken, A. Dm Mellon, and C. L. Greenblatt ,  
"Environmental Factors Affecting Growth and Chlorophyll 
Synthesis  i n  Euglena. I. Physical and Chemical. 11. The 
Ef  fec t iveneas  of the Spectrum f o r  Chlorophyll Synthesis,  
Journal  - of Protoeoolopg, I1 (August 1955), 95. 
11 
Four observations were made: (1 )  immediately a f t e r  
removal from the cent r i fuge ,  (2)  t h i r t y  minutes a f t e r  r e -  
moval, ( 3 )  one hour a f t e r  removal, and (4) two hours a f t e r  
removal. I n  t h e  first observation, the degree of s t r a t i f i -  
c a t i o n  and r e l a t i v e  poai t ions  of the var ious l a y e r s  of 
o r g a n e l l e s  was noted, I n  the  succeeding observat ions,  t h e  
degree of r e d i s t r i b u t i o n  of organel les  and t h e  sequence 
followed was observed. Observations were made with a n  A ,  0. 
Spencer compound microscope ( lox  eyepiece; 16 rum., 4 m,, 
and 1.8 mm. o i l  immersion ob jec t ives )  . 
Permanent s l i d e s  were made a t  the  same time i n t e r v a l s  
as microscopic examination of the l i v e  specimens were made, 
The organisma were f i x e d  i n  Schaudlnnls fluid.' Two m i l l i -  
l i t e r s  of f i x a t i v e  were added t o  a  t e s t  tube (12 by 75 mm.) 
con ta in ing  one-half m i l l i l i t e r  of the  cent r i fuged c u l t u r e  
f o r  a  per iod  of t h i r t y  minutes. The Euglena were washed i n  
35 per  c e n t  e t h y l  a lcohol  f o r  t h i r t y  minutes, To remove 
t h e  mercury, t h e  organisms were placed i n  a  s o l u t i o n  of 50 
per  c e n t  a l coho l  t o  which a  few drops of a  s a t u r a t e d  so lu-  
t i o n  of iodine  had been added. The f i x e d  o r g a n i s m  remained 
i n  t h i ~  s o l u t i o n  one hour. This was followed by a  f i f t e e n  
minute wash with 35 per cen t  a lcohol  and two successive 
l ~ i c h a r d  R. Kudo, Protozoo1og;e ( t h i r d  e d i t i o n ;  
S p r i n g f i e l d ,  I l l i n o i s :  Charles C. Thomas, 1946). p. 725. 
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f i f t e e n  minute washes i n  d i s t i l l e d  water, 
A modified form of Heidenhain's i ron alum haematoxy- 
1 l i n  s t a i n  was used, The organism were placed i n  four  per  
cen t  i r o n  alum f o r  twenty-four hours. This was followed by 
two successive f i ve  minute washes with d i s t i l l e d  water. The 
Euglena were then s ta ined with haernatoxylin f o r  twenty-f our 
hours. Af te r  a f ive  minute wash with d i s t i l l e d  water, the 
organisms were placed i n  two per cent i ron  alum. The c lea r -  
ing process was observed under the compound microscope and 
ha l ted  a t  the  appropriate time with a t ap  water wash of f i v e  
minutes, 
The standard e t h y l  alcohol dehydration se r i e s2  was 
followed except f o r  addi t ional  s teps  of absolute alcohol and 
toluene. A l l  washea were continued f o r  a period of t e n  
minutea, except the second absolute alcohol and toluene 
waehes, which were f i f t e e n  minutes, 
To t r ans fe r  from one solut ion t o  the next, the Euglena 
were concentrated by  centr ifuging i n  a low-speed centr i fuge 
f o r  two minutes. The top  two m i l l i l i t e r s  of the solut ion 
were removed with a p ipet te  and discarded. Two m i l l i l i t e r s  
2 ~ e t e r  Gray, Handbook of Basic 
York: FlcGrew-Hill Book ~orn~any,  Inc., 
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of the next wash were added. The test tube was shaken 
vigorously and allowed t o  stand for the required time period. 
A drop of the Euglena preparation was then mounted 
i n  H*S*R (Harleco Synthetic Resin) secured from Hartman- 
Leddon Company, Philadelphia, Pennsylvania. 
CHAPTER IV 
RESUUS AND INTERPRETATION OF DATg 
The normal d i s t r i bu t ion  of organelles  i n  Euglena 
p r a c i l i a  were observed before the r e s u l t s  of cen t r i fuga t ion  
and r e d i s t r i b u t i o n  of organelles  were studied. The tropho- 
z o i t e  of Euglena ~ r a c i l i s  averaged about f i f t y  P long by 
f i f t e e n  P i n  diameter. There was a s ingle  nucleus ly ing  i n  
t h e  cen t e r  o r  s l i g h t l y  pos ter ior  of the center  of the  c e l l .  
It appeared a s  a  c l e a r  o r  transparent sphere. There were 
app~oximate ly  a  dozen elongated discoid chloroplas ts  evenly 
d i s t r i b u t e d  throughout the organism. The margin of these  
a t ruc turaa  was usual ly obscured by the  numerous annular 
paramylum bodies. A c  ytopharynx extended from the  a n t e r i o r  
end of t he  organimn i n t o  a spher ica l  reservoir .  Protruding 
e x t e r n a l l y  from the cytopharynx was a s ing le  flagellum. 
Adjacent t o  t he  rese rvo i r  was an orange-red stigma, composed 
of many emall granules. Numerous spherical-shaped mito- 
chondria were observed evenly d i s t r ibu ted  throughout the  c e l l .  
I n t r a v i t a l  a ta in ing  with Janus Green B was ine f fec t ive  i n  
t he  present  s t r a i n  of E u ~ l e n a  g r a c i l i s .  I n  add i t ion  t o  this 
elongated form, the euglenae were found i n  a  contracted,  
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i n a c t i v e  form. I n  t h i s  s t a t e ,  the  shape was ovoid. 1 
Upon exposure t o  cen t r i fuga t ion ,  t h e  euglenae gener-  
a l l y  were c o n t r a c t e d  i n t o  t h e  i n a c t i v e  s t a t e .  Whereas 
s e v e n t y  p e r  c e n t  were i n  t h e  elongated shape p r i o r  t o  c e n t r i -  
f u g a t i o n ,  o n l y  th i r ty - two p e r  cen t  were observed i n  this 
shape  i m e d i a t e l y  a f t e r  c e n t r i f u g i n g  f o r  t h r e e  minutes, and 
n i n e t e e n  p e r  c e n t  a f t e r  c e n t r i f u g i n g  f o r  f i f t e e n  minutes, as  
shown i n  Table  I, The percentage i n  the e longa ted  s t a g e  was 
f i f t y - o n e  per c e n t  a f t e r  t h i r t y  minutes, f l f t y - f o u r  p e r  c e n t  
a f t e r  one hour ,  and f i f t y - f i v e  p e r  cen t  a f t e r  two hours  i n  
organierna c e n t r i f u g e d  f o r  t h r e e  minutes, Corresponding per-  
c e n t a g e s  for organiems cen t r i fuged  f o r  f i f t e e n  minutes were 
t h i r t y - s e v e n ,  f i f t y ,  and f i f t y - a h  per cent .  
C e n t r i f u g i n g  o f  t h e  euglenae produced s t r a t i f i c a t i o n  
of o r g a n e l l e a  s i m i l a r  t o  t h a t  i l l u s t r a t e d  by P a t t e n  and 
Beams i n  1936B2 and by Johnson i n  1939m3 A S  noted by t h e s e  
i n v e a t i g a t o r a ,  t h e  paramylum bodies Were fo rced  to the 
l ~ a r ~  Gojdics,  The Genus Eu l e n a  (Madison, Wisconsin: 
The U n i v e r s i t y  of Wiaaonsln Press ,  -%- 9 3 ) ,  p. 41; Jerome J. 
Wolken, Eu l e n a  (Rahway, New Jersey: Quinn and Boden 
Company,+l~6l), p. 7. 
2 ~ u t h  P a t t e n  and Harold W. Be-, nObservations on 
the E f f e c t  o f  t h e  U l t r a c e n t r i f u g e  on Some B e e - l i v i n g  
F l a g e l l ~ t e a , ~ ~  Journa l  - of E I i c r o s c o ~ i c a l  Science,  
IxlCvIII ( J u l y  
3 ~ e l r n d  P. Johnson, "A Study of  Euglena r u b r a  Hardy 
1911B0  Transao t ions  of t h e  American Microscopical  Soc ie tg ,  
LVIII  ( J anua ry  1 9 3 9 ) 7 4 m 6 ~  
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c e n t r i f u g a l  pole,  the ch lo rop las t s  and nucleus became some- 
what c e n t r a l l y  loca ted ,  and the mitochondria were l o c a t e d  
a t  t h e  c e n t r i p e t a l  pole. There was no apparent e f f e c t  on 
t h e  st igma and r e s e r v o i r  when t h e  organisms were cen t r i fuged  
f o r  t h r e e  and f i f t e e n  minutes. However, cen t r i fug ing  f o r  
l o n g e r  per iods  forced the stigma granules  t o  t h e  c e n t r i p e t a l  
pole .  The r e s e r v o i r  was forced t o  the  per iphery of t h e  c e l l .  
The c o n t r a c t i l e  vacuole was displaced only in f requen t ly  a f t e r  
c e n t r i f u g a t i o n  f o r  f i f t e e n  minutes. 
TABLE I 
PEBCENTAGE OF EUGMNA GRAC ILIS I N  ELONGATED AND OVOID 
SHAPE BEFOFU Am AFTER ULTRACENTRIFUGING 
Cell Cent r i .  Before Immed. Th i r ty  One hour Two hours 
shape time c e n t r i .  a f t e r  min. a f t e r  a f t e r  a f t e r  
c e n t r i .  c e n t r i .  c e n t r i .  c e n t r i .  
-- 
Elong. 3 m i n .  70 32 51 54 55 
Ovoid 3 min. 30 68 49 46 45 
Elong. 15min. 70 19 37 50 56 
Ovoid 15min. 30 81 63 50 44 
T h e  e f f e c t  of c e l l  cen t r i fuga t ion  and the  r e d i s t r i b u -  
t i o n  of organel lea  i s  i l l u s t r a t e d  i n  Table 11. Percentages 
i n  Table I1 were based on f i v e  counts of t e n  f o r  a  t o t a l  of 
f i f ' ty  observat ions f o r  eaoh percentage l i a t e d .  Random 
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samples were secured by moving the mechanical s tage  indis-  
cr iminately.  The organism nearest the pointer  t i p  was 
observed and recorded. I n  organisms centrifuged f o r  three  
minutes, eighty-two per cent  of the elongated forms and 
ninety-two per  cent of the ovoid forms were s t r a t i f i e d .  
Thi r ty  minutes a f t e r  centrifuging, r ed i s t r i bu t ion  of or- 
gane l les  was completed i n  f i f t y  per cent of the  elongated 
c e l l s  and i n  th i r ty-four  per cent of the ovoid c e l l s .  Af ter  
one hour, t he  organelles i n  s ixty-six per cent  of t he  
elongated c e l l s  and s i x t y  per cent of the ovoid c e l l s  were 
r e d i s t r i b u t e d ,  Two hours following centrifuging, the or- 
gane l les  were r ed i s t r i bu t ed  i n  eighty-two per cent  of the  
elongated c e l l e  and i n  sixty-eight per cent of the  ovoid 
c e l l s .  Corresponding percentages f o r  r ed i s t r i bu t ion  of 
organel les  i n  organiams centrifuged f o r  f i f t e e n  minutes 
were ninety,  th i r ty-e ight ,  sixty-two, and seventy-six f o r  
t h e  elongated c e l l s  and ninety-six, twenty-eight, f i f t y - s i x ,  
and s ix ty - s ix  f o r  the ovoid ce l l s .  
A va r i a t i on  i n  the per cent of organisms s t r a t i f i e d  
occurred between those i n  elongated and ovoid s t a t e s ,  A 
g r e a t e r  percentage of those i n  the ovoid s t a t e  were s t r a t i -  
f i ed .  Redis t r ibut ion progressed a t  a slower r a t e  i n  the  
ovoid c e l l s .  A higher percentage of s t r a t i f i c a t i o n  and a 
slower r a t e  of r ed i s t r i bu t ion  of organelles  was exhibi ted 
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i n  organisms c e n t r i f u g e d  f o r  f i f t e e n  minutes a s  compared t o  
t h o s e  c e n t r i f u g e d  f o r  t h r e e  minutes. However, a f t e r  two 
h o u r s  had e lapsed ,  t h e r e  was p r a c t i c a l l y  no d i f f e r e n c e  i n  
t h e  per c e n t  of  o r g a n e l l e  r e d i s t r i b u t i o n ,  
TABLE I1 
PER CENT S T R A T I F I C A T I O N  AND R E D I S T R I B U T I O N  
OF ORGANELLES I N  EXJGLLENA G R A C I L I S  
AFTER U L T R A C ~ G A T I O N  
C e l l  C e n t r i .  S t r a t i .  Redis t .  Red i s t  . Redis t . 
shape t ime  i m m e d e  a f t e r  a f t e r  a f t e r  
observ. t h i r t y  mino one hour two hours  
Elong. 3 min. 8 2  50 66 82  
Ovoid 3 min. 92 34 60 68 
Elong,  15 min. 90 38 62 76 
Ovoid 15 min. 96 28 56  66 
With a n  i n c r e a s e  i n  t h e  time of c e n t r i f u g i n g ,  t h e  
degree  o f  l a y e r i n g  of o r g a n e l l e s  became more pronounced. 
The l a y e r s  of paramglum and c h l o r o p l a s t s  were more compact 
a t  t h e  c e n t r i f u g a l  pole. The mitochondria became more con- 
c e n t r a t e d  a t  t h e  c e n t r i p e t a l  pole.  T b  st igma g ranu le s  were 
a l a o  f o r c e d  t o  t h e  c e n t r i p e t a l  pole.  On occasions ,  a vacuole  
was observed i n  t h e  organisms cen t r i fuged  f o r  f i f t e e n  minutes.  
I n  organisms c e n t r i f u g e d  f o r  longer  pe r iods  of  t ime,  one o r  
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more vacuoles were observed i n  the area between the  chloro- 
p l a s t s  and the mitochondria. Redistribution of organelles  
progressed a t  a much slower r a t e  as  t he  centr ifuging time 
was increased. 
Observations were made t o  determine what, if any, 
sequence was followed by the organelles i n  red i s t r ibu t ion .  
These observations revealed tha t  the nucleus was the f i r s t  
s t r u c t u r e  t o  re turn  t o  Its approximate position. T h i s  was 
followed by the chloroplast  reorientat ion.  The red i s t r ibu-  
t i o n  of the  mitochondria and the  paramylum bodies was com- 
p le ted  a t  about the sane time. In the s t r a t i f i e d  c e l l ,  the 
nucleus and chloroplas ts  occupied a more or l e s s  medial 
pos i t i on  while the mitochondria and paramylum bodies occupied 
the  two extremes. I n  l i g h t  of th i s ,  it seems l i k e l y  t h a t  
the sequence followed by the organelles i n  r ed i s t r i bu t ing  i s  
dependent t o  a l a rge  extent  on t h e i r  r e l a t i ve  posi t ions  i n  
t h e  s t r a t i f  led  c e l l ,  
A comparison was made of the fixed and s ta ined or- 
ganisms wi th  those i n  tkvs  f ree- l iv ing s t a t e .  Observations 
of the  prepared s l i des  ver i f i ed  the i n fo rmt ion  gained from 
viewing the l i v i n g  organisms, 
The f igures  on page 21 i l l u s t r a t e  a typ ica l  Euglena 
p r a c i l l ~  trophoeoite--both f ree- l iv ing and f ixed and s ta ined 
Euglena, the e f f ec t s  of cen t r i fug iw ,  and various s tages  of 
EXPIANATION OF FIGURE 1 
~bbrev ia t ions :  F, flagellum; R, reservoir; N, nucleus; 
P, paramylum body; C ,  chloroplast; M,  mitochondrion; 
S, stigma; V, vacuole. 
1, A typica l  Euglena g r a c i l l s  trophozoite. 
2, Strat i f i cat ion  i n  a n  elongated c e l l  centrifuged for 
three minutes, 
3-5. Stages i n  redistribution of organelles i n  an 
elongated c e l l .  
6 .  Stra t i f i ca t ion  i n  an ovoid c e l l  centrifuged f o r  three 
minutes. 
7. C e l l  centrifuged one hour, 
8 ,  C e l l  centrifuged one and one-half hours, 
Figure 1. Protoplasmic constituents of Euglena 
p r a c l l l s  before and after centrifugation. 
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o r g a n e l l e s .  The r e d i s t r i b u t i o n  of organel les  i n  the ovoid 
c e l l  i l l u s t r a t e d  i n  number 6 of Figure 1 followed the same 
p a t t e r n  as t h a t  i n  the  elongated c e l l  i n  numbers 3-5. A 
v a r i e t y  of shapes were found i n  t h e  centr i fuged c u l t u r e s ,  
The appearance of vacuoles occurred f requen t ly  i n  
organisms cen t r i fuged  f o r  longer periods of time. Af te r  
o t h e r  o rgane l l e s  had r e d i s t r i b u t e d ,  these  were observed 
f l o a t i n g  f r e e  a t  va r ious  poin ts  within the  c e l l .  Euglenae 
c e n t r i f u g e d  f o r  one and one-half hours had one l a r g e  vacuole, 
l o c a t e d  a t  t h e  margin bu t  c e n t r i p e t a l  t o  the chloroplas ts .  
S ince  a  vacuole con ta ins  water t h a t  i s  being el iminated 
from t h e  c e l l ,  t h e  r e l a t i v e  pos i t ions  of var ious organel les  
a f t e r  c e n t r i f u g a t i o n  gave aome evidence of comparative 
a p e c i f  ic g r a v i t i e s  of the  organelles.  14itochondria and 
s t l p a  granules  were found c e n t r i p e t a l  t o  the  vacuoles, while 
t h e  c h l o r o p l a s t s  and paramylum bodies were found c e n t r i f u g a l  
t o  t h e  vacuoles.  Mitochondria, predominantly f a t - p r o t e i n  i n  
make-up, a r e  l i g h t e r  than  water presumably because of t h e  
l a r g e  amount of l i p i d .  Chloroplasts a r e  a l s o  b a s i c a l l y  fa t-  
p r o t e i n ;  however, a  g r e a t e r  concentrat ion of p ro te in  m u s t  be 
p r e s e n t  bseause they  take  a pos i t ion  a f t e r  cen t r i fug iag  
which i s  a s s o c i a t e d  with a s p e c i f i c  g r a v i t y  heavier  than 
water.  Peramylum bodies a r e  carbohgdrate i n  nature and 
posaeas a h igh  s p e c i f i c  g r a v i t y  associa ted  with t h e i r  com- 
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~ a c t n e s s  and c e n t r i f u g a l  l o c a t i o n .  The presence of f r e e -  
f l o a t i n g  c o n t r a c t i l e  vacuoles  was observed i n  c e n t r i f u g e d  
I Paramecium b y  King and Beams. However, t h e i r  u l t ima te  f a t e  
was n o t  determined.  The vacuoles  i n  Euglena were o r i g i n a l l y  
a s s o c i a t e d  with t h e  r e s e r v o i r .  By cytoplasmic movement t h e  
f r ee - f  l o a t i n g  vacuoles  cou ld  be t r anspor t ed  t o  t h e  a n t e r i o r  
end  o f  t h e  organism and con tac t  with t h e  wall of t h e  
r e s e r v o i r .  The vacuo la r  membrane could f u s e  with t h e  mem- 
I' 
b r a n e  of t h e  r e s e r v o i r  and the  con ten t s  of t h e  vacuole 
e l i m i n a t e d ,  b u t  t h i s  was not observed. 
Obse rva t ion  of t h e s e  vacuoles while the  organisms 
were r e o r g a n i z i n g  r e v e a l e d  t h e  presence of an  unusual number , 
of mi tochondr ia  a t  t h e  s u r f a c e  of t h e  vacuole. Whether o r  
no t  t h e s e  s t r u c t u r e s  p l a y  a s i g n i f i c a n t  r o l e  i n  r e g u l a t i n g  
wa te r  c o n t e n t  i n  t h e  cytoplasm r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  
Some unusual  r e s u l t s  occurred while conducting pre-  
l i m i n a r y  s t u d i e s  which deserve f u r t h e r  a t t e n t i o n .  -4 
p a t t e r n e d  f l u c t u a t i o n  occurred i n  t h e  percentage of euglena6 
which ma in t a ined  t h e  e longated,  a c t i v e  s t a t e .  I n  o r g a n i s m  
c e n t r i f u g e d  f o r  two and one-half hours and f o r  t h r e e  hours,  
more t h a n  f S t y  pe r  c e n t  were a c t i v e l y  swimming. I n  organ- 
'R. I,. King and H. W. Beams, "The EXfect of  U l t r a -  
c e n t r l f  uging on Paramecium, With Spec i a l  Reference t o  
Recovery and Hacronuclear  Reorganization,  " Journal  -- of Kor- 
phology,  LXI ( June  1937), 33. 
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i s m s  c e n t r i f u g e d  f o r  two and three- four ths  hours and th ree  
and  one- four th  hours  l i t t l e  locomotion was observed. SFmilar 
r e s u l t s  were observed a t  t h r e e  minutes, f i f t e e n  minutes, 
t h i r t y  minutes ,  and f o r t y - f i v e  minutes. Few organisms were 
swimming af ter  c e n t r i f u g i n g  f o r  t h r e e  minutes and t h i r t y  
minutes .  A l a r g e  number of organisms were observed t o  be 
swimming fo l lowing  c e n t r i f u g i n g  f o r  f i f t e e n  minutes and 
f o r t y - f i v e  minutes.  Were t h e  organisms accl imated t o  t h e  
c e n t r i f u g a l  f o r c e  a t  va r ious  time i n t e r v a l s ?  This phenomenon 
was observed  i n  mid-June when labora tory  temperature was 
r e l a t i v e l y  s t a b l e  and low. Attempts t o  dup l i ca t e  t hese  r e -  
s u l t s  l a t e r  when e x t e r n a l  temperatures were h igh  f a i l e d ,  
I n v e s t i g a t i o n s  a long  this l i n e  under c a r e f u l l y  c o n t r o l l e d  
c o n d i t i o n s  might prove rewarding, 
I n  conclusion, the  degree of s t r a t i f i c a t i o n  was de- 
t e rmined  by the l e n g t h  of time E. - g r a c i l i s  was exposed t o  
u l t r a c e n t r i f u g a t i o n .  An inc rease  i n  t he  time of exposure 
r e s u l t e d  i n  a n  inc rease  i n  t h e  time r equ i r ed  f o r  t h e  or-  
g a n e l l e s  t o  become r e d i s t r i b u t e d .  The nucleus r e tu rned  t o  
i t a  approximate  normal p o s i t i o n  first; followed by t h e  
c h l o r o p l a s t s ,  mitochondria,  and param~lum bodies ,  
CHAPTER V 
The s t u d y  of t h e  e f f e c t  of c e n t r i f u g a l  f o r c e  on 
I 
l i v i n g  c e l l s  h a s  gained i n  importance i n  r e c e n t  decades. 
The development of t h e  a i r - d r i v e n  u l t r a c e n t r i f u g e  enabled 
i n v e s t i g a t o r s  t o  i n c r e a s e  t h e  amount of  f o r c e  app l i ed  fa r  
beyond t h e  l i m i t s  of mechanical devices.  
Var ious  c e l l  o r g a n e l l e s  became s t r a t i f i e d  when t h e  
c e l l  was s u b j e c t e d  t o  c e n t r i f u g a l  fo rce .  The purpose of 
t h i s  i n v e s t i g a t i o n  was t o  s tudy (1 )  t h e  t ime r equ i r ed  f o r  
r e d i s t r i b u t i o n  of t h e  va r ious  o rgane l l e s  of Euglena g r a c i l i s ;  
I 
and  (2) what sequence, i f  any, was followed i n  t h e  r e d i s -  I 
. 
t r i b u t i o n  of o r g a n e l l e s .  The o rgane l l e s  observed were t h e  
nuc leus ,  c h l o r b p l a s t s ,  mitochondria, paramylum bodies ,  and 
the s t igma.  
 the^ c e l l s  were s u b j e c t e d  t o  a  f o r c e  near  125,000 
t imea  g r a v i t y  f o r  per iods  o f  t h r e e  minutes, f i f t e e n  minutes, 
t h i r t y  minutea,  f o r t y - f i v e  minutes, one hour, and one and 
one-half  houra. The euglenae were a l s o  cen t r i fuged  f o r  
p e r i o d s  of t ime through t h r e e  and one-fourth hours i n  pre-  
l i m i n a r y  s t u d i e s ,  Mioroscopic examination was made of f r e e -  
l i v i n g  organisms and f i x e d  and s t a i n e d  organisms. Examina- 
t i o n  was made immediately a f t e r  cen t r i fug ing  t o  determine 
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the per cen t  of organism s t r a t i f i ed .  Thirty minutes, one 
hour, and two hour6 af t e r  centr i f  uging, examination was made I 
t o  determine t h e  per cent  of organisms exhibiting organelle I 
r e d i s t r i b u t i o n  completed and any sequence followed i n  the  
r e d i s t r i b u t i o n  of these organelles. 
Increase i n  t h e  time the organisms were exposed t o  
oen t r i f  ugation r e su l t ed  i n  increased s t r a t i f i ca t ion .  Tha 
o rgane l les  i n  t h e  euglenae which were centrifuged f o r  three 
I! 
minutes were red is t r ibu ted  more quickly than those centr i -  
fuged f o r  f i f t e e n  minutes. However, there  was no a ign i f i -  
oant  differenoe between the  two groups two hours a f t e r  
c e n t r i f  uging. Organisms i n  the ovoid a t a t e  had a higher 
peroentage of s t r a t i f i c a t i o n .  Also, those i n  the ovoid 
s t a t e  were slower i n  reorganizing. 
There was a de f in i t e  sequence followed by the or- 
gane l les  i n  redlstr ibutirrg.  The nucleua was the f lrst s t ruc-  
t u r e  t o  r e t u r n  t o  Its appmximate normal position. T h i s  
was followed by the  chloroplasts, mitochondria and paramylum 
bodies. Relat ive posi t ion i n  the s t r a t i f i e d  cell was the  
apparent determining fac tor  i n  the sequenae followed. 
mee- f loa t ing  vacuoles were observed i n  organiama 
oentr l ruged f o r  the  longer periods of time. Though the 
eventual  f a t e  of these structures waa not observed, it was 
reasoned by the  invest igator  tha t  these oould eventually 
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f u s e  with the reservo i r ,  Numerous mitochondria were ob- 
served a t  t h e  surface of the  vacuoles when the c e l l  was re-  
organizing.  Fur ther  invest igat ion would be necessary t o  I  
determine any s ignif icance attached t o  t h i s ,  I 
I n  preliminary s tudies ,  a patterned f luctuat ion was 
observed i n  t he  percentage of' ac t ively  swimming organisms 
a f t e r  centr i fuging.  Subsequent attempts t o  duplicate these 
findings f a i l e d ,  when external  temperatures were higher. 
Were the organisms acclimated t o  centr ifugal  force  a t  
var ious  i n t e r v a l s ?  Further invea t igat ion under careful ly  
c o n t r o l l e d  temperature might prove f r u i t f u l ,  
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